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Circadian rhythm, the occurrence of daily oscillations in various
cellular activities, occurs in a wide spectrum of organisms from
cyanobacteria to humans [1]. Among these, cyanobacteria are the
simplest organism known to show a circadian rhythm [2–4]. Three
genes, kaiA, kaiB and kaiC, were identiﬁed to code for central com-
ponents of the cyanobacterial circadian clock, and feedback regula-
tion of kaiBC expression had been assumed to generate circadian
oscillation in cyanobacteria [5]. However, we found that circadian
oscillation of KaiC phosphorylation was persistent under
prolonged darkness, during which transcription of kaiBC was pro-
hibited [6]. Moreover, a temperature-compensated KaiC phosphor-
ylation rhythm was reconstituted in vitro by mixing KaiA, KaiB and
KaiC in the presence of ATP [7], and several mutations of KaiC con-
sistently modiﬁed the period lengths of both in vivo gene-expres-
sion rhythm and in vitro KaiC phosphorylation rhythm [7]. These
results demonstrated that KaiC phosphorylation rhythm was
autonomously generated by post-translational processes of thechemical Societies. Published by E
do).
KEN Center for Developmental
be, Hyogo 650-0047, Japan.
chadai Academic Production,
kyo 112-8610, Japan.three Kai proteins and that this rhythm functions as the most basic
pacemaker of the cyanobacterial circadian clock.
How only three Kai proteins and ATP generate self-sustainable
oscillation has been studied extensively both experimentally and
theoretically [8,9]. However, the relationship between KaiC phos-
phorylation rhythm and the intracellular environment or meta-
bolic activities of the cell remains poorly understood. Speciﬁcally,
when cyanobacteria are actively growing in continuous light (LL)
conditions, levels of KaiC and KaiB show circadian oscillations,
while KaiA level remains constant [10]. Moreover, we recently
found that circadian rhythm could be maintained independent of
the KaiC phosphorylation rhythm [11]. Therefore, the signiﬁcance
of KaiC and KaiB accumulation rhythm should be reconsidered to
understand the cellular circadian rhythm of cyanobacteria.
KaiC phosphorylation rhythm occurs in a cooperation with KaiA
which enhances KaiC phosphorylation [12], and KaiB which atten-
uates the role of KaiA [10]. KaiA and KaiB also regulate the temper-
ature-compensated ATPase activity of KaiC [13]. However, no other
biochemical functions of these proteins have been reported despite
many studies on their structure [14,15].
In this report, we evaluated the dependency of KaiC phosphor-
ylation rhythm on the concentrations of the three Kai proteins. We
found that both the period and amplitude of KaiC phosphorylation
rhythm were sensitive to the concentration of KaiA, but not to that
of KaiB, though KaiB was essential for generating KaiC phosphory-
lation rhythm. Based on these results, we suggest a possible
entrainment mechanism of KaiC phosphorylation rhythm by
changing the ratios of these three proteins.lsevier B.V. All rights reserved.
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2.1. Puriﬁcation of recombinant Kai proteins
Recombinant Kai proteins were produced in Escherichia coli
BL21 and puriﬁed as previously described [7,16].
2.2. Reconstitution of KaiC phosphorylation rhythm in vitro
The in vitro reconstitution of KaiC phosphorylation rhythm was
performed as described [7]. The concentrations of Kai proteins
were changed as described in each ﬁgure legend. Aliquots (3 ll)
of reaction mixtures were collected every 4 h and subjected to
SDS–PAGE and Coomassie staining. The ratio of phosphorylated
KaiC was calculated using NIH image software.
2.3. Data analysis
To determine period (s) and amplitude (A), KaiC phosphoryla-
tion ratio (Y) after 16 h incubation was ﬁtted to a cosine function
of time (t) as follows:
YðtÞ ¼ A cosð2pðt  aÞ=sþ b
where a and b represent the peak of the rhythm (in hours) and non-
oscillatory component, respectively. We calculated square errors of
cosine curves with 108 combinations of parameters. The combina-
tion of parameters with the least square error was chosen as the
best ﬁt.0
0 10 20 30 40 50 60
7.0, 10.5, 17.5
Incubation time (h)
Fig. 1. KaiC phosphorylation rhythm in the presence of various concentrations of
KaiA and KaiB. Mixtures for in vitro KaiC phosphorylation rhythm were prepared as
described in Section 2 with varying concentrations of either KaiA (A) or KaiB (B).
The ratio of phosphorylated KaiC to total KaiC was plotted against incubation time.3. Results
3.1. KaiA and KaiB as parameter-tuning and state-switching regulators
of KaiC phosphorylation rhythm
Accumulation of KaiC and KaiB in cyanobacterial cells oscillates
in a circadian fashion, while the level of KaiA is kept constant [10].
To elucidate the possible effect of in vivo oscillations of Kai protein
level on circadian rhythm generation, we measured the rhythm of
KaiC phosphorylation in vitro as a function of different concentra-
tions of KaiA and KaiB (Fig. 1). KaiC phosphorylation level oscil-
lated with a period of about 23.5 h in standard conditions (Fig. 1;
KaiA, KaiB and KaiC concentrations were 1.2, 3.5 and 3.5 lM,
respectively). When only KaiA concentration was changed
(Fig. 1A), KaiC phosphorylation rhythm was observed in the pres-
ence of 0.6–3.6 lM KaiA, and the oscillation was dampened at con-
centrations outside of this range. A lower limit on concentration
was evident, as a decrease in KaiA concentration below 0.6 lM se-
verely dampened the in vitro rhythm (Fig. 1A). An upper limit of
KaiA concentration leading to oscillation of KaiC phosphorylation
was not determined with the KaiA concentration range tested.
Phosphorylation rhythm was stably observed from 0.6 to 2.4 lM
of KaiA, and weakened gradually in the KaiA concentration ranging
from 3.6 to 6.0 lM (Figs. 1A and 2A). As KaiA enhanced phosphor-
ylation of KaiC [12], the average level of KaiC phosphorylation ele-
vated with increasing KaiA concentration (Fig. 1A). The period and
amplitude of the rhythm seemed to be continuously inﬂuenced by
KaiA concentration in the effective range. Thus, KaiA is assigned as
a parameter-tuning regulator of KaiC phosphorylation rhythm.
The effect of KaiB concentration on KaiC phosphorylation
rhythm was different from that of KaiA. Oscillation of KaiC phos-
phorylation was observed with KaiB concentrations of 1.75 lM or
higher, while excess KaiB did not affect period nor amplitude
(Fig. 1B). As is the case with KaiA, there seemed to be a lower limit
concentration of KaiB for generating KaiC phosphorylation rhythm,
because KaiB concentrations below 1.75 lM drastically reducedthe in vitro rhythm. These results indicated that KaiB was a state-
switching regulator of KaiC phosphorylation rhythm.
3.2. Period and amplitude dependency on KaiA and KaiB
concentrations
The in vitro KaiC phosphorylation rhythm observed under vari-
ous concentrations of KaiA and KaiB is summarized in Fig. 2. When
KaiB concentration was 3.5 lM or higher, amplitude was not chan-
ged by KaiB concentration, but was dependent on KaiA concentra-
tion, with the highest amplitude from 0.6 to 2.4 lM KaiA (Fig. 2A).
However, when KaiB concentration was 3.5 lM or lower, the con-
centration of KaiA required to generate the rhythm depended on
KaiB concentration (Fig. 2A and B).
As far as KaiB concentration permitted rhythm generation, KaiA
deﬁned the period but KaiB did not tune the period length (Fig. 2B).
The period was shortened from about 25 h to 21 h, when KaiA con-
centration increased from 0.6 to 2.4 (Fig. 2B). These results once
again showed parameter-tuning and state-switching functions of
KaiA and KaiB, respectively.
3.3. Biochemical simulation of the intracellular oscillation of Kai
proteins
To address the signiﬁcance of intracellular oscillations in accu-
mulation levels of KaiB and KaiC, we measured the in vitro rhythm
to simulate the in vivo situation. When the ratio of KaiC and KaiB
concentration was kept constant (1:1) and KaiA concentration
was unchanged, both the period and amplitude of phosphorylation
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Fig. 2. Amplitude and period of KaiC phosphorylation rhythms at different concentrations of KaiA and KaiB. Assays of in vitro KaiC phosphorylation rhythm were performed
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A
B
KaiC (μM)
Incubation time (h)
Pe
rio
d 
(h
)
Am
pl
itu
de
R
at
io
 o
f P
-K
ai
C
0
0.2
0.4
0.6
0.8
1
0 10 20 30 40 50 60
KaiC=0.875↓
1.75↓
3.5
↓
7.0
↓
10.5
↓
14
↓
20
22
24
26
28
30
32
0.08
0.1
0.12
0.14
0.16
0.18
0.2
0 2 4 6 8 10 12
Amplitude
period
Fig. 3. KaiC phosphorylation rhythms to simulate cellular Kai protein dynamics.
Assays of in vitro KaiC phosphorylation rhythm were performed with different
concentrations of KaiC and KaiB, while the ratio between the two Kai proteins was
constant (1:1) in the presence of a constant concentration of KaiA (1.2 lM). (A) The
ratio of phosphorylated KaiC to total KaiC was plotted against incubation time. (B)
Amplitude (square) and period (circle) are plotted against the concentration of KaiC.
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centrations (Fig. 3A). In cyanobacterial cells, the range of circadian
change in accumulation levels of KaiC and KaiB was estimated to
be threefold [10]. In this study, we conﬁrmed that threefold alter-
ation of KaiC and KaiB concentrations in vitro changed the period
by 6 h (Fig. 3B). This result implied that intracellular oscillation
of KaiB and KaiC levels can alter the angular velocity of KaiC phos-
phorylation rhythm to enable the entrainment of the circadian
clock to the external light/dark (LD) cycle (see Section 4). It was
also implied that the KaiC phosphorylation rhythm in cells was
not independent from feedback regulation of kaiBC expression that
caused intracellular oscillations in Kai protein levels. It should also
be noted that in vitro KaiC phosphorylation rhythm is most robust
when its period is tuned to 22–26 h (Fig. 3B).
4. Discussion
4.1. Different roles of KaiA and KaiB in deﬁning KaiC phosphorylation
rhythm
Given the autonomous oscillation of KaiC phosphorylation in
the presence of a constant amount of Kai proteins both in vitro
[7] and in vivo under constant dark (DD) conditions [6], the biolog-
ical relevance of oscillation in cellular accumulation levels of KaiC
and KaiB is poorly understood. As shown by determining a poten-
tial effect of a temperature pulse in resetting the phase of the KaiC
oscillator [17,18], quantitative measurement of in vitro KaiC phos-
phorylation rhythm is a crucial approach to infer the intracellular
rhythm of KaiC phosphorylation. By scrutinizing KaiC phosphoryla-
tion rhythm in a wide range of Kai protein concentrations, we
veriﬁed that KaiA and KaiB were parameter-tuning and state-
switching regulators of KaiC phosphorylation rhythm, respectively.
The characteristics presented in this report are essential for in silico
simulations of KaiC phosphorylation rhythm [19–27].
4.2. A possible entrainment mechanism by oscillation of intracellular
levels of Kai proteins
Based on our in vitro observations on the period of KaiC phos-
phorylation rhythm (Figs. 1 and 3), it is expected that the angular
M. Nakajima et al. / FEBS Letters 584 (2010) 898–902 901velocity of intracellular KaiC phosphorylation rhythm ﬂuctuates in
a circadian fashion under LL conditions (Fig. 4a), as the relative ra-
tios of KaiA levels to those of KaiB or KaiC in cyanobacterial cells
oscillate in circadian fashion. On the other hand, it would be ex-
pected that the angular velocity of the Kai oscillator is constant
in cells under DD conditions (Fig. 4b), because levels of all three
Kai proteins were kept at a constant level [6]. Thus, under light/
dark (LD) cycle conditions, phase progression is a combination of
dark and light conditions (Fig. 4c). The distinction of phase pro-
gression between light and dark conditions could be the basis for
entrainment of the circadian clock to the external LD cycle through
a parametric model [28], which was based on a relationship be-
tween period length of the rhythm and ambient light ﬂuence rate
(Aschoff’s rule). To test if the response of the period to the ratio of2 2
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Fig. 4. Entrainment model of cellular KaiC phosphorylation rhythm by LD cycle. (a–c)
conditions, the angular velocity oscillates with a free-running period, s (h). (b) In DD co
under DD conditions. (c) In LD conditions, the time course of angular velocity is a comb
KaiC phosphorylation rhythm for one cycle. Time of light–dark cycle is indicated by whi
range of entrainment and amplitude of ﬂuctuation of angular velocity. A sine functio
conditions. Two values, 10% (d) and 20% (e) for ﬂuctuation of angular velocity (2p/t), wer
LD cycles. (f) and (g) show the predicted ranges of entrainments of LD cycles using Eq.KaiB or KaiC to KaiA can explain entrainment of cellular circadian
rhythm of cyanobacteria, we formulated a behavior of KaiC phos-
phorylation rhythm under light and dark conditions and examined
possible entrainment as described in Supplementary data.
As shown in Fig. 4f, our simulation predicted that when the
change in angular velocity is assumed to be 10% of the mean level
(Fig. 4d), the parametric entrainment by a symmetric LD cycle
(L = D) could entrain the rhythm with a period ranging from 22.6
to 25.4 h. Similarly, if the magnitude of ﬂuctuation is 20% of mean
level, the range of entrainment could be extended to 21.2–26.8 h
(Fig. 4e and g). Note that the predicted range of parametric entrain-
ment based on experimental data we reported here was consistent
with the general entrainment range of circadian rhythms to exter-
nal time cues. Therefore, regulation of the velocity of phosphoryla-2
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902 M. Nakajima et al. / FEBS Letters 584 (2010) 898–902tion rhythm by Kai protein ratio could quantitatively contribute to
parametric entrainment of the circadian rhythm of cyanobacteria
to a wider range of LD cycles.
The entrainment model proposed here should be conﬁrmed by
in vivo experiments. A predicted asymmetric range of entrainment
between light and dark duration (Fig. 4f and g) would be a crucial
test to support our model, speciﬁcally, a longer duration of dark
period greatly expanded the range of entrainment (Fig. 4g). Unfor-
tunately, however, it is difﬁcult to obtain high precision in testing
entrainment of cyanobacterial circadian rhythm by LD cycles be-
cause the in vivo rhythm is inevitably accompanied by acute pho-
tosynthetic effects by LD alteration (the so-called masking effect).
4.3. Intracellular regulation of Kai protein ratios for robust KaiC
phosphorylation rhythm
The standard ratio of Kai proteins in the in vitro KaiC phosphor-
ylation system was evidently different from that in vivo. The rela-
tive amount of KaiA to KaiC in cyanobacterial cells was about 1/20
to 1/40 [10], while it was much higher in vitro (1/3). The discrep-
ancy between in vivo and in vitro ratios could be partly addressed
by the intracellular distributions of Kai proteins. A fraction of KaiB
and KaiC were found in membrane fractions, while KaiA was pre-
dominantly localized in the cytosolic fraction [10]. As KaiC and
KaiB in membrane fractions may not effect phosphorylation
rhythm, the effective intracellular ratios could be close to those ob-
served in vitro. Nevertheless, the relative amount of KaiA in the
cytosolic fraction would be insufﬁcient for stable KaiC phosphory-
lation rhythm and some unknown factors might be necessary to
maintain KaiC phosphorylation rhythm in cells.
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